Introduction
The heavy radioactive tritium ( 3 H) isotope of hydrogen has a half life of approximately 12.32 years [1] . It forms several isotopologues of water the most common being the singly substituted HT 16 O and the doubly substituted T 2 16 O which have trace natural abundances (see Table 1 below). Whilst sharing similar properties to H 2 16 O, both form corrosive liquids due to self radiolysis and are highly toxic. As radioactive water isotopologues, these species have been widely used as tracers in life science water transport studies including Refs. [2] [3] [4] [5] to name but a few. Their radioactivity has also been put to use in the dating of water based liquids including vintage wines [6] . Rare isotopologue abundances have also often been used to trace atmospheric processes since isotopic variations can be caused by specific atmospheric drivers such as cometary and meteorite deposits at the top of the atmosphere. The spectra of these species are therefore of some importance to these communities, as they provide an opportunity for isotopologue specific detection.
Understanding and controlling tritium and the molecules it forms is also key in nuclear physics. In particular the harmful nature of tritiated water make its detection indispensable. High resolution spectroscopy provides a means of detecting tritiated water species with several benefits, including the potential for in situ real time observation and the ability to make observations without direct sampling.
Furthermore, documenting the spectra of these species is of value to the theoretical community [7] , in their attempt to understand the breakdown of the Born Oppenheimer (BO) approximation. Recorded spectra of these species provide an important tool for evaluating ab initio non BO calculations, designed to model the breakdown of the BO approximation.
Previous high resolution studies of these isotopologues are limited to a handful of works [8] [9] [10] [11] [12] [13] [14] [15] . Unlike stable water isotopologues only the fundamentals of these tritiated species have been previously observed at high resolution. Prior to these works Staats et al. [16] recorded near-infrared spectra for these species at significantly lower resolution. Rovibrational assignments are documented by Refs. [12, 13, 11, 10] , for the fundamentals and by Refs. [8, 9] for pure rotational spectra. As an aid to new assignments new line lists for HTO and T 2 O were hence computed as part of this work.
In this work we analyse a water spectrum recorded by Kobayashi et al. [17] , expected to contain a mixture of H 2 O, HTO and T 2 O. The 7200-7245 cm À1 region studied has not previously been used to probe HTO and T 2 O. We present new rotational assignments for HTO, dominated by the 2m 3 vibrational band, and the new line lists for HTO and T 2 O which we hope to contribute to future analyses.
The paper is structured as follows. The experimental data is described in Section 2. Section 3 presents a theoretical prediction of the observed spectrum according to approximate concentrations, including the new calculations. The techniques used in the analysis are described briefly in Section 4 and the results of the analysis and our new assignments are discussed in Section 5. Data sets arising from this work have been placed in the Supplementary Data.
The observed spectrum
Kobayashi et al. [17] recorded a frequency modulation nearinfrared spectrum at 296 K scanning the 7200-7245 cm À1 spectral region containing some 170 line positions, with a resolution of 0.02 cm À1 and estimated precision of 0.003 cm
À1
. The relative intensity limit of detectable lines is thought to be only around 10 À2 times the strongest line, which places some limitation on the analysis. It should be noted that the spectral resolution does not limit the precision of line positions except in the case of blended lines. Although strong lines are well determined, having line widths (FWHM) of the order 0.02 cm À1 the presence of strong air moisture absorption lines reduces the reliability of intensity measurements and limits the sensitivity in those regions.
The gas chamber was filled with tritiated water produced using the technique described in the previous work of Marr et al. [18] , and had an unknown ratio of [H]/[T]. Since deuterium and the rare oxygen isotopologues occur at natural abundances we expect the presence of HT 16 O, T 2
16
O, H 2
O to dominate the spectrum. Table 1 gives the abundance of the different isotopomers in the sample.
Predicted spectrum
Initial analysis made assignments using the HITRAN line list for H 2 16 O and an HTO line list available on-line at the Tomsk web address http://spectra.iao.ru/, based on the Partridge and Schwenke (PS) potential energy surface [19] . These line lists have the benefit that they are fully labelled with the usual vibrational normal mode and asymmetric top quantum numbers for water. Indeed, these assignments indicate the spectrum to be dominated by the 2m 3 Due to the lack of documented line lists for the two tritiated species our own variational calculations were undertaken based on the DVR3D program suite [21] . For each of these isotopologues calculations were undertaken up to J MAX = 15 using Radau coordinates and an atomic mass for tritium taken from NIST [22] . Full 296 K line lists in the 0-10 000 cm À1 range are included in the Supplementary Material. In both cases intensities were calculated using the LTP2011 DMS of Lodi et al. [23] .
For HTO the PES of Voronin et al. was used [24] , with parameters based on their calculations for HDO [25] , which were fully converged up to 20 000 cm
À1
. For T 2 O the PES of Shirin et al. [26] was used and parameters were based on their work for the D 2 16 O isotopologue [26] for which convergence in this region was fully tested. Although mass specific non Born-Oppenheimer contributions to the PES were originally introduced, the fundamental band origins were not improved, and the original PES was used without alteration. Fig. 1 presents an overview of our new line lists.
Fundamental band origins were in general agreement with previously observed values [7] for both of these line lists, as seen in Table 2 . Partition functions were calculated based on the computed energy levels and were in general agreement with those available at Tomsk on line, once allowance is made for different conventions for the treatment of nuclear spin, with Q HTO = 775.4 and Q T 2 O ¼ 785:1 at 296 K, including all nuclear spin factors.
The line lists were used to produce a predicted spectrum where intensities are scaled by the estimated concentrations. This is shown in Fig. 2 . Absorption is thus expected to be dominated by HTO and H 2 O, with the 2m 2 band of HTO centred on this region. Although the gas mixture contains a high concentration of T 2 O, we do not expect any absorption for this region as it falls between vibrational bands. The strongest T 2 O lines can be seen to be over 10 4 weaker than other strong lines in this region, and this is beyond the sensitivity of the experiment. This is confirmed by failure to assign T 2 O lines to the spectrum using either our own calculations or the Tomsk PS line list (see Table 3 ). 
Method
Our approach for assigning the previously unobserved lines in the spectrum is similar to previous work on a deuterated water spectrum [27] , aiming first to identify and remove previously observed H 2 16 O lines from the experimental line list. This was done by comparison with the HITRAN database [28, 29] which quotes position accuracy of 0.01-0.1 cm À1 in this region. However, as previously mentioned, there is no published data in this region for HTO.
While traditional methods of spectral analysis employ combination differences (CD's) as the major method for assigning spectra, new assignments were made by comparison with the line lists described in Section 3. There are several reasons for this approach. Primarily, the small spectral window available is unlikely to yield CD matches since P, Q and R branch transitions are unlikely to fall close together. Additionally, the lack of published experimental ground state energy levels, as required to calculate accurate CD's reduces the quality of this approach. Furthermore large line densities, the presence of multiple species in the spectrum and limited precision of the experimental data all increase the likelihood of false positive Table 1 . The horizontal arrow indicates the region in question whilst the vertical arrow indicates the difference between maximum HTO and T 2 O intensities in that region. The horizontal dashed line indicates the intensity cut off used in the analysis. CD's. Lack of resolution in general exacerbates this problem, since estimated precisions are lower for blended lines. Conversely, the accuracy of computed line lists allows assignments to be made confidently by comparison with calculations. Assignments are based upon a direct matching routine which compares positions of observed peaks and known or calculated line positions within a frequency interval, with the possibility of a constant frequency shift being applied. The chance that lines match coincidentally is deemed to be small for the line density of this spectrum and the small frequency intervals employed. The presence of a large number of matches found within a small frequency interval was used to determine an appropriate shift for each line list and the matching frequency range was then trimmed correspondingly to minimise the chance of coincidental matches. All assignments have also been verified using the Tomsk PS based line list described above, which provide the usual vibrational and rotational labels for water.
Assignments were also required to have consistent intensity agreement. Computed I obs /I calc ratios were used not only to determine approximate concentrations as discussed above, but also for validation of assignments, for which intensities should show consistent behaviour. This was limited by the uncertainties in the experimental relative intensity data.
Assignments have been checked using CD's, based on calculated energy levels, where possible. However, for the small numbers of lines involved few energy levels are associated to more than one observed line. As a result only 25 energy levels can be confidently derived. These are tabulated in Table 7 .
Results and discussion
Initially, 37 H 2 16 O features were identified using HITRAN out of 68 HITRAN lines in the region above the intensity threshold of 1 Â 10 24 cm/molecule. Assignments were made within a 0.01 cm À1 window of the observed position except for two outliers, with errors less than 0.025 cm À1 . The small average shift of 0.0005 cm À1 observed is deemed to be below the experimental accuracy of this data. These lines were removed from the analysis, and are present in the Supplementary Material but will not be discussed further here.
In total 111 new features were assigned to HTO using our calculations, including 38 blended features, from the 183 lines with calculated intensity above the threshold. These belonged to three vibrational bands. Both blended features and outliers in terms of position and intensity agreement must be considered less reliable.
The new assignments were dominated by the strongest band, the 2m 3 band, with the 83 assignments made including 20 blended features. An average band shift of À0.103 cm À1 was observed between the calculated and observed positions, and lines were assigned within 0.1 cm À1 of this value, except for one outlier with a 0.23 cm À1 residual. Table 3 shows these assigned lines; blended lines are clearly indicated.
A further 19 assignments were made to the next strongest band, the m 1 + m 2 + m 3 band, and are tabulated in Table 4 . These show a large spread around an average shift of 0.043 cm
À1
, with the standard deviation of residuals at 0.124 cm À1 and as such must be considered less reliable. This band also contains 7 blended features. Tentative assignments to the 2m 1 + 2m 2 band were also made and are shown in Table 5 . These assignments showed an average shift of 0.201 cm À1 with a relatively small standard deviation of 0.059 cm
. Nearly all of these assignments belong to blended features and as such must again be considered less reliable.
The remaining 41 unassigned features are all weak with observed relative intensity less than 0.1. Such lines become hard to assign when low experimental accuracies combine with large band shifts for the calculated positions. While it is possible higher values of J in the computed line list could account for some of these features, it is thought to be unlikely for J > 15. Neither is it thought, as explained above, that any features belong to the T 2 O species, for which similar analysis was unsuccessfully attempted. Any further assignments to this spectrum using the presently available data must at best be considered tentative. The assignments were used to produce estimates of experimental band origins for the three observed bands. These values shown in Table 6 were derived from the calculated band origins and the observed band shifts described above. Based on the number of assignments used only the 2m 3 band origin should be considered reliable.
CD checks proved possible for 53 of the new assignments, comprising 25 upper energy levels. Agreement was found to be better than a standard deviation of 0.1 cm À1 in all cases, except two blended transitions. The large CD errors can in general be expected, as a result of using calculated lower energy levels and the low accuracy of the experiment, particularly for blended lines. The energy levels observed are presented in Table 7 and are included in the Supplementary Material.
The available PS based Tomsk line list provide more accurate positions in many, but not all cases, compared with the calculations made as part of this work. In particular positions calculated in this work were in general more accurate for the m 1 + m 2 + m 3 band.
Intensities from the two sets of computations are of comparable quality.
Conclusions
Our analysis gives 111 new assignments to three different vibrational bands of HTO in the 7200-7245 cm À1 spectral region. Although there are many blended lines and the experimental accuracy is limiting, we consider the vast majority of the 83 presented 2m 3 assignments to be thoroughly reliable and an important development in this region for HTO.
The sensitivity of the experiment did not allow detection of any T 2 O features. Our line lists predicts this was due to the low T 2 O intensities in the small spectral region employed, in a region dominated by HTO. Future experiments will need to exploit greater sensitivity and/or greater tritium concentrations in order to assign this species in this region.
The derived band origins presented here are the first inferred experimentally for HTO beyond the fundamentals. As such they should be of some value to the theoretical community.
We present the analysed spectrum as Supplementary Material, alongside the newly observed energy levels. The line lists computed for HTO and T 2 O at 296 K, in the 0-10 000 cm À1 range are also included. These include all J 6 15 transitions, and relative intensities greater than 10 À12 times the strongest line. Considering the undocumented nature of the Tomsk line lists available on-line, we hope these line lists will prove a valuable resource in future analysis of tritiated water spectra.
